Abstract Here we demonstrate patterning of protein/ quantum dot hybrid bionanostructures via electrostatic assembly of engineered negatively charged fluorescent protein with positively charged CdSe/ZnS QD patterns formed through e-beam lithography and post-patterning modification with cationic ligands.
Introduction
Hybrid bionanostructures made of nanoparticles (NPs) and biomolecules are of particular interest in a variety of biomedical applications [1] [2] [3] [4] . Owing to its finite size, a single NP can be conjugated to multiple biomolecules. The conjugation of NPs with biomolecules can be achieved by covalent [5] [6] [7] [8] and non-covalent interactions [9] . While, covalent binding is the most direct approach to create integrated biomolecule-NP conjugates, non-covalent assembly through hydrogen bonding [10] [11] [12] , electrostatic [13, 14] , metal-coordination [15] , and hydrophobic interactions [16] provides a highly modular approach to the biofunctionalization of NPs.
Patterning of hybrid bionanostructures can be used to generate multifunctional ordered architectures for protein arrays [17] [18] [19] [20] , biosensors [21, 22] , and tissue engineering [23] . Such artificial biochips can be fabricated by selectively immobilizing biomolecules on pre-patterned surfaces of NPs via a variety of coupling chemistries [24] [25] [26] [27] [28] . The nanopatterned surface provides a higher density of reaction sites for biomolecules [29] . The surface properties of the patterns can be tailored by choosing NPs with appropriate functionality while the unique optical [30] , electronic [31] , mechanical [32] , and magnetic properties [33] of the NPs can be utilized to serve a particular function. For example, gold NPs were assembled to provide a pathway for measurement of electrical signal in biosensor microdevices [34] , while magnetic NPs were used to guide the assembly of multifunctional superstructures on a ferromagnetic surface [35] .
Here we demonstrate patterning of protein/quantum dot (QD) bionanostructures via integration of ''top-down'' and ''bottom-up'' approaches. First, patterns of positively charged CdSe/ZnS QDs were fabricated via e-beam lithography (EBL) [36] . The cationic QD patterns were incubated with a solution of negatively charged fluorescent protein.
The negative charge allowed the proteins to self-assemble onto the positively charged QD patterns through electrostatic interactions (Scheme 1). Patterns of trioctylphosphine oxide functionalized QDs (TOPO-QDs) [37] that cannot participate in electrostatic interaction were prepared as a control. Using this approach, we fabricated arbitrarily patterned hybrid protein/QD structures with sub-50 nm resolution.
Experimental

Synthesis and Functionalization of CdSe/ZnS QDs
TOPO-QDs were synthesized according to previous reports [38, 39] and post-functionalized with cationic ligands via a ligand exchange reaction (Section 1-3, ESI). The presence of cationic ligands on the QDs was confirmed by mass spectrometry (Fig. S1 , ESI).
Cloning and Expression of tdTomato (tdT)
Genetic engineering manipulation and protein expression were done according to standard protocols. To construct pQE80-6xHis-tdTomato plasmid, tdTomato gene was subcloned from pASTA3 plasmid (Addgene plasmid 24657 [40] ) into BamHI and HindIII (downstream of 69His tag) restriction sites of pQE80 expression vector. To produce recombinant proteins, pQE80-6xHis-tdTomato plasmid was transformed into Escherichia coli BL21(DE3) strain. A transformed colony was picked up to grow small cultures in 50 mL 29YT media at 37°C overnight. The following day, 15 mL of grown culture was inoculated into one liter 29YT media and allowed to grow at 37°C until the OD reached 0.6. At this point, the protein expression was induced by adding isopropyl-b-D-thiogalactopyranoside (IPTG; 1 mM final concentration) at 25°C. After four hours of induction, the cells were harvested and the pellets were lysed using a microfluidizer. His-tagged fluorescent proteins were purified from the lysed supernatant using HisPur cobalt columns. The integrity and the expression of native protein were determined by 12 % SDS-PAGE gel and absorbance spectra. The exact stability of the protein in dry state was not known. However, when the protein was lyophilized, its color was intact which indicates the integrity of tdTomato even in dry states.
Patterning of Cationic QDs
A silicon substrate coated with 100 nm Au was sonicated in isopropyl alcohol (IPA) for 30 min and dried in vacuum for 1 h to remove residual IPA. A solution of cationic QDs (10 mg/mL in methanol) was then filtered and spin-coated at 1,000 rpm for 180 s onto the substrate, yielding a thin film of 55 nm thickness, as measured by profilometer. E-beam writing in the QD films was achieved in a JEOL JSM-7001F thermal field emission SEM with a 30 kV electron acceleration voltage, equipped with a beam blanker and a CAD software lithography module developed by J.C. Nabity Lithography Systems. The working distance was set to 6 mm and the electron dosage for the test pattern was varied between 100 and 10,000 lC/cm 2 . To remove the unexposed QDs, the QD pattern was then developed by washing the substrate with methanol, followed by sonication for 5 min and drying in vacuum for 1 h.
Protein Immobilization
To immobilize the protein on the QD patterns, a solution of tdTomato (5 mM phosphate buffer, pH 7.4) was prepared. The patterned surface was incubated in the solution for 30 min. The unbound protein on the surface was removed by rinsing with 5 mM phosphate buffer. The surface was then immediately imaged by fluorescence and atomic force microscopy (AFM).
Characterization
Bright field and fluorescence images were obtained using an Olympus IX51 microscope. Fluorescence images were taken under blue (470 ± 20 nm) and green (535 ± 20 nm) light. AFM imaging of the surfaces was done on a Dimensions 3100 (Veeco) in tapping mode using an RTESP tip (Veeco). X-ray photoelectron spectroscopy (XPS) analysis was performed on a Physical Electronics Quantum 2000 spectrometer using a monochromatic Al Ka excitation at a spot size of 10 mm with pass energy of 46.95 eV at 158 take-off angle to probe the topmost layer. negatively charged protein. A solution of the QDs functionalized with a positively charged ligand was spin coated to prepare cationic QD films. The film thickness of 55 nm was kept constant throughout all the experiments. As a preliminary step for EBL processing, a range of e-beam dosage exposures were explored to find the optimum dosage required to generate stable QDs features with efficient crosslinking. The test pattern was written in the QD films in the form of 5 9 5 lm 2 boxes while the dosages were varied from 100 to 10,000 lC/cm 2 . Figure 1a and b show bright field and fluorescence images of the developed test pattern, respectively. Lack of fluorescence from the background in Fig. 1b shows the complete removal of the unexposed QDs from the substrate. The fluorescence intensity map of the test pattern shows a successive drop in the fluorescence intensity with increasing dosages (Fig. 1c) , associated with the excessive degradation and overexposure of QDs. At initial dosages, while the fluorescence intensity remains stable, the features were not uniform due to insufficient crosslinking. Taken together, Fig. 1a -c indicate that stable features with minimal degradation were generated at the optimized dosage of 1,400 lC/cm 2 that was used for subsequent e-beam writing experiments. A UMass logo pattern using the selected dosage (Fig. 1d) demonstrates the ability to fabricate arbitrary structures with high specificity using this approach. XPS elemental analysis on the cationic QD films before and after e-beam exposure showed no significant difference, indicating the stability of the cationic functionality to e-beam exposure (Fig. S2, ESI) .
A red fluorescent protein tdTomato was engineered to express an overall negative charge to immobilize onto the cationic QD patterns. The choice of tdTomato was based on the spectral overlap of its absorption with CdSe/ZnSe QDs' emission (Fig. 2a) . To ensure interaction between cationic QDs and anionic tdTomato, a fluorescence titration was performed in solution. The concentration of QDs was kept constant while the concentration of tdTomato was increased. Figure 2b shows steady-state fluorescence spectra of QDs in the presence of tdTomato. The progressive quenching of the QDs emission and a systematic enhancement of the tdTomato emission was observed as concentration of tdTomato was increased from 10 nM to 4 lM, suggesting fluorescence resonance energy transfer (FRET) from QDs to tdTomato. The change in the QDs' emission in the presence of tdTomato confirmed interaction between QDs and tdTomato, presumably electrostatic due to their complementary charges.
With QD-tdTomato interaction verified, we next examined the immobilization of tdTomato on the cationic QD patterns by incubating the patterned substrate in a solution of tdTomato. Figure 3 shows fluorescence images of the QD pattern before and after incubation. Due to emission at 535 nm, the QD pattern showed strong green and very weak red fluorescence before incubation. After incubation, an almost twofold decrease in green fluorescence along with a fourfold increase in red fluorescence confirmed the protein immobilization onto the QD pattern (Fig. 3) . As observed in the titration, the green fluorescence of the QD pattern was decreased due to FRET from QDs to tdTomato. In addition, the lack of red fluorescence from the background after incubation showed undesirable non-specific proteins adsorption outside the pattern was minimal. The immobilization of tdTomato onto the QD patterns resulted in an increase in the feature height of 5 nm ( Figure S3 , ESI), consistent with the deposition of a monolayer of the protein.
To determine the specificity of the electrostatic assembly process, an uncharged TOPO-QD pattern was used as a control. In contrast to the cationic QD pattern, no change in the fluorescence of the TOPO-QD pattern was observed after incubation in tdTomato solution (Fig. S4,  ESI) , confirming the lack of deposition of the protein onto the TOPO-QD pattern. Taken together, these results demonstrate that the protein immobilization was the result of the designed electrostatic interaction between cationic QDs and anionic proteins rather than random protein adsorption. EBL can produce nanoscale arbitrary structures; hence we next explored patterning of smaller protein/QD structures. The size of the features was tuned from 10 lm to 50 nm while the shape was readily controlled from simple (ring, star, squares) to complex (rose) structures (Fig. 4a) . Due to the resolution limit of optical microscopy, structural characterization of nanoscale features was done using AFM. We could fabricate as small as 50 nm features (Fig. 4c ) via e-beam induced crosslinking. Fabrication of features smaller than 50 nm required higher e-beam dosages, which led to the degradation of the QDs. The ability to fabricate complex arbitrary nanostructures was shown with the rose pattern where one can clearly see the thorns of the rose (Fig. 4b) . High magnification AFM images of the patterned protein/QD nanostructures demonstrate the precision and versatility of this approach.
Conclusions
We report a versatile approach to fabricate hybrid protein/ QD nanostructures via integration of ''top-down'' EBL patterning and ''bottom-up'' electrostatic assembly. Patterns of cationic QD structures were fabricated via EBL and incubated to complementary charged protein, resulting in protein/QD bionanomaterials. With the possibility to pattern nanostructures with multiple functionalities, this approach can be directly applied for immobilizing various combinations of biomolecules. Furthermore, the choice of NPs lends an additional element of control for creating three dimensional multifunctional structures containing multiplexed biomolecules for advanced biomedical applications.
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